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Abstract 
Polyoxymethylene/Polyurethane/Layered Silicates (POM/PU/LS) ternary hybrid 
nanocomposites were prepared by two methods: (a) direct melt compounding (DM) and (b) 
melt compounding using a latex-mediated masterbatch (MB) technique. The morphology of 
the produced specimens and the quality of the dispersion of LS (synthetic sodium 
fluorohectorite) were examined via Scanning Electron Microscopy (SEM) and Transmission 
Electron Microscopy (TEM). Broadband dielectric spectroscopy (BDS) was employed in order 
to study the dielectric response of the two systems in a wide frequency and temperature 
range. Rich dielectric spectra are recorded, since dielectric relaxation mechanisms originate 
from POM matrix, PU latex as well as from interfacial phenomena between LS and the 
polymer matrix. Six different mechanisms were observed in the spectra of the examined 
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nanocomposites which are identified, in terms of decreasing temperature at constant 
frequency, as Maxwell-Wagner-Sillars (MWS) effect merged with contribution from the DC 
conductivity, α-mode of POM, α-mode of PU, γ- and δ-modes of POM and γ-mode of PU. The 
dynamics of the recorded processes as well as the effect of the preparation technique, on 
the way these processes are imprinted in the dielectric spectra of the examined systems, are 
considered and discussed. 
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1 Introduction 
Polymer composites remain in the spotlight of the scientific research, since the beginning of 
the 1960s, as they are high performance materials with a wide variety of applications. 
Among their advantages is the combination of high mechanical strength, low weight, ease of 
processing and low cost. Nowadays polymer composites possess a leading position in 
various engineering applications [1]. In recent years, nanoinclusions offer new opportunities 
for designing advanced composite materials with novel properties. The superiority of 
nanocomposites, in comparison to their micro counterparts, is mainly attributed to the fact 
that nanoparticles exhibit high surface area-to-volume ratio compared to microparticles. As 
a result, nanocomposites exhibit significantly greater interfacial area for the same 
concentration of the filler, leading to the formation of an extended interaction zone where 
the polymer behaviour is altered from the bulk [2,3]. Moreover, nanocomposites have 
begun to gain ground in the field of dielectrics and electrical insulation, since it is assumed 
that fabrication of polymeric nanocomposites is one of the most effective approaches for 
the enhancement of the dielectric properties of polymers. By controlling the nanofiller 
dispersion and interfacial interactions in nanocomposites, dielectric properties can be 
tailored for specific applications [4]. Accordingly, the electrical response of polymer 
nanocomposites is of significant importance and requires thorough investigation. 
Polyoxymethylene (POM) is a widely used engineering thermoplastic that is technologically 
important as it combines resistance against various solvents with enhanced 
thermomechanical properties [5-7]. Furthermore, it exhibits low water absorption and good 
electrical insulation properties, rendering it as a perfect candidate for electrical and 
electronic applications [8]. On the other hand, the high degree of crystallinity of POM 
accompanied by brittleness is a limiting factor for its applications [9,10]. Blending POM with 
thermoplastic polyurethane (PU) is often proposed as a reliable solution for POM 
toughening [11-13]. 
A variety of methods have been developed for the preparation of POM based 
nanocomposites, including in situ polymerization, melt blending, and solution/dispersion 
techniques, aiming to overcome serious challenges and achieving uniform dispersion of the 
nanofiller in the polymer matrix and obtaining good interfacial adhesion between the 
nanoparticles and the polymer [14]. 
Within the framework of the present work, we examine the influence of the preparation 
technique on the morphological characteristics and on the dielectric response of POM/PU/LS 
ternary systems prepared by two methods: (a) direct melt (DM) compounding and (b) latex-
mediated masterbatch (MB) technique. For this reason, the morphology of the systems and 
the dispersion of the LS were tested via Scanning and Transmission Electron Microscopy 
(SEM, TEM). Additionally, for the examination of the dielectric response, Broadband 
Dielectric Spectroscopy (BDS) was employed in a wide temperature and frequency range. 
The relaxation mechanisms of POM and POM based systems have been the subject of 
extended studies, via both mechanical and dielectric techniques, since 1960s [8, 15-31]. 
Recently, the study of the dielectric response of POM and POM based nanocomposites 
offered a full dielectric relaxation map for POM and successfully contributed to the 
elimination of previous ambiguities concerning the identification of certain relaxation 
mechanisms [32]. So far four relaxations are identified assigned as α, β, γ, and δ-modes in 
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terms of decreasing temperature at constant frequency. The slower α-mode is attributed to 
translational motions along the polymer chain which take place at the surface of the 
crystallites. β-mode is of cooperative character and associated with the glass to rubber 
transition. This mode, that is affected by changes in the crystallinity [16,28,33,34], is mostly 
marked dielectrically in copolymers and polymer blends where the crystallinity of POM is 
reduced compared to the pure POM [23,28,35]. It was also marked in POM/Alumina 
nanocomposites but was absent from the dielectric spectra of POM/LS and 
POM/PU/Alumina systems previously studied by our group [32,36]. Within several studies 
the faster relaxation modes are commonly imprinted in the dielectric or Dynamic 
Mechanical Analysis (DMA) results as one broad peak [8,17,23]. It is now clear that this peak 
results from the summation of two different mechanisms [23,32]: i.e. the faster one denoted 
as δ-mode and the other one, at lower frequencies, assigned as γ-mode. The latter (γ-mode) 
is connected with hydroxyl end groups and/or local twisting motions of the main chain that 
mainly take place in the disordered regions of the bulk polymer [17], thus related to the 
amorphous phase whereas δ-mode is attributed to defect dipoles in the crystalline phase of 
POM. 
The incorporation of PU into the POM matrix is expected to contribute to the overall 
dielectric response of the composite system. Pure PU systems have been examined both 
mechanically [16] and dielectrically [37-39]. The results of these two methods are in good 
agreement, revealing three relaxation mechanisms for PU, namely α, β and γ modes 
recorded with increasing temperature at constant frequency. α-Μode dominates the 
dielectric spectra and is related to the glass to rubber transition of PU. The intermediate β- 
relaxation is comparatively weaker than the other two and involves absorbed water 
molecules attached by hydrogen bonds to the PU chains while, the faster relaxation 
observed, γ-mode, is associated with the motions of the methylene groups between amide 
groups in the polymer chain. 
Furthermore, the nanoinclusions are expected to contribute to the dielectric response 
through the emergence of the Maxwell-Wagner-Sillars (MWS) effect that is attributed to the 
accumulation of free charges at the filler-matrix interface. In the case of POM that is a 
semicrystalline polymer, this effect is even more pronounced as charges can also accumulate 
at the interface of the amorphous and the crystalline regions of POM [32,36]. 
2 Experimental  
2.2 Materials 
Blends of granulated POM (Hostaform C 9021, Ticona GmbH, Frankfurt, Germany) and latex 
of thermoplastic PU with 50 wt % dry content (Acralen U 550 supplied by Polymer Latex 
Marl, Germany), were used as polymer matrix [36]. Water-swellable sodium fluorohectorite 
(layered silicate-LS, Somasif ME-100, Coop Chemicals,Tokyo, Japan) was used as nanofiller. 
LS is characterized by an interlayer distance of 0.92 nm and a cation exchange capacity of 
100 mequiv/100 g. The nominal aspect ratio of layered silicate is close to 1000 (according to 
suppliers’ information). 
Ternary POM/PU/LS hybrid nanocomposites were prepared by two methods: (a) direct melt 
compounding (DM) and (b) melt compounding using a masterbatch containing both PU and 
LS (MB technique). The content of PU was kept constant at 10 wt% and the content of LS at 
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3 wt%. Melt mixing occurred in laboratory kneader (Type 50 of Brabender, Duisburg, 
Germany) at 190°C and rotor speed of 60 rpm. LS filler (DM technique) or LS-containing PU 
(MB technique) was introduced in the POM system following melt mastication of the latter 
for 2 min. The duration of the melt mixing for both DM and MB techniques was 6 min. Then, 
the compounds were compression moulded into 1 mm-thick sheets at 200°C using a hot 
press (EP-Stanzteil, Wallenhorst, Germany). 
2.2 Characterization techniques 
The morphology of the samples and the dispersion of layered silicates were inspected using 
Scanning Electron Microscopy (SEM; SupraTM 40VP SEM f Carl Zeiss GmbH, Oberkochen, 
Germany) and Transmission Electron Microscopy (TEM; Zeiss LEO 912 Omega apparatus), 
applying an acceleration voltage of 120 kV. Thin sections of 50 nm were cut at RT with a 
Diatome diamond knife (Hatfield, PA) using an Ultracut E microtome (Reichert and Jung, 
Vienna, Austria). 
The ternary systems were electrically characterised by Broadband Dielectric Spectroscopy 
(BDS) in the frequency range of 0.1 Hz to 1 MHz using Alpha-N Frequency Response 
Analyser, supplied by Novocontrol Technologies (Hundsagen, Germany). Isothermal 
frequency scans were conducted in the temperature range from -110°C to 150°C in steps of 
10°C. Temperature was controlled within ± 0.1°C by the Quattro system and the applied ac 
voltage was Vrms = 1.0 V. The BDS-1200 parallel-plate capacitor with two gold plated 
electrodes, also supplied by Novocontrol, was used as test cell. The cell was electrically 
shielded and the sample was kept within nitrogen gas atmosphere. WinDeta software was 
used for controlling of the system and data acquisition and WinFit software was employed 
for the analysis of the experimental data. 
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3 Results 
3.1 Morphology-SEM-TEM 
 
Fig.1. SEM images of POM/PU/LS nanocomposites produced via DM compounding (a) and MB 
technique (b). Note: holes and spherical domains represent PU and arrows indicate for LS. 
 
 
 
Fig.2. TEM images of POM/PU/LS composites produced via the MB technique. 
 
In order to study the morphology of the specimens, SEM and TEM pictures were taken from 
the fracture surfaces and thin sections (ca.50 nm), respectively. The dispersion of layered 
silicates and PU in the POM/PU/LS composites produced by direct melt mixing (fig 1a) and 
melt compounding using masterbatch technique (fig 1b) are presented in figure 1. It is 
evident that PU rubber particles are well dispersed in the POM matrix irrespectively of the 
preparation technique. Moreover SEM images reveal that LS are mostly dispersed in the 
POM matrix and/or close to the POM/PU interface. Nevertheless, agglomerations of LS are 
present in the microscale in both systems, being more evident in the case of the DM 
produced nanocomposites. Thus, a better dispersion of the LS in the POM/PU/LS (MB) 
system is achieved. TEM images of MB produced specimens (fig 2) also show that the 
layered silicates are predominantly intercalated which means that layer silicate stacks 
composed of several platelets with strongly reduced apparent aspect ratio, compared to a 
fully exfoliated LS structure, are present. 
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3.2 Dielectrics 
The frequency and temperature variation of the imaginary part of electric modulus (M″) for 
the POM/PU/LS (DM) and POM/PU/LS (MB) specimens is presented in figures 3a and 3b, 
respectively. Feature dielectric spectra are recorded in both cases, since dielectric relaxation 
mechanisms originating from POM and PU matrices, the LS reinforcing phase as well as 
interfacial phenomena are expected to contribute to the overall response of the 
nanocomposites. In the dielectric spectra of the POM/PU/LS (DM) system (figure 3a) six 
distinct relaxation peaks are present. On the other hand in the case of the POM/PU/LS (MB) 
system (figure 3b), while a similar high temperature response (for temperatures above 0°C) 
is observed, at lower temperatures (from -100°C to -40°C) the spectrum is dominated by a 
unique broad relaxation peak. It is well known that ascribing relaxation peaks, in an 
isochronal or isothermal dielectric plot to particular types of molecular motions and more 
interestingly to specific relaxing polar entities, is a complicated procedure and becomes even 
more intricate for complex systems [7,17,18,36]. As a result, for the ternary systems of the 
current study, an initial identification of the relaxation mechanisms contributing to the 
recorded dielectric response is attempted taking into account the dielectric behaviour of 
similar binary or ternary systems previously studied by our group, such as POM and/or PU 
based nanocomposites [7,32,36]. The slower relaxation in the high temperature and low 
frequency area of both POM/PU/LS (DM) and POM/PU/LS (MB) spectra is attributed to 
interfacial polarisation phenomena (Maxwell-Wagner-Sillars (MWS) effect), as well as to the 
contribution of the DC conductivity, denoted as conductivity term (CT) (merged CT and 
MWS) [17]. MWS effect, which is common in all heterogeneous, as well as in semicrystalline 
systems, is related to the accumulation of charges at the interfaces (filler-matrix and 
crystalline-amorphous phase interfaces) of the composite where they form dipoles, which 
are able to follow the oscillation of the electric field at low frequencies and high 
temperatures [40,41]. At lower temperatures and at constant frequency, α-modes of POM 
and PU are detected in agreement with previously reported results in POM/PU/Alumina 
nanocomposites [36]. It is obvious, from the 3D plots of figure 3, that α-mode of POM and α-
mode of PU form two distinct relaxation peaks at lower temperatures merging in one broad 
peak as the temperature increases. The overlapping of the two relaxations is more 
pronounced in the case of POM/PU/LS (MB) system. In the middle area of the dielectric 
spectra of figures 3a,b and at the low frequency region, a weak relaxation peak is recorded, 
assigned to β-mode of PU [36] and attributed to local motions of polar side groups of the PU 
polymer chain imposed by the electric field [36, 37]. The intensity of this mechanism is 
relatively weak and not well imprinted in the dielectric spectra. As a result this relaxation 
could not be studied in detail. Finally, at the low temperature regime two relaxation peaks 
are recorded in the case of POM/PU/LS (DM) system. A similar behaviour has been 
previously observed in POM/LS systems, where the two relaxations have been assigned as γ- 
and δ-modes of POM [32]. The same assignment is applicable in the present case of the 
systems under study. However, since PU is also included in the nanocomposites of the 
current work, one should not overcome the fact that γ-relaxation of PU has also been 
recorded in previous published reports in the same frequency and temperature range [7,36]. 
Taking this into account, it is suggested that γ-mode of PU is also incorporated/hindered 
within the recorded peaks. The situation becomes even more puzzling in the case of the 
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POM/PU/LS (MB) system, where only one broad peak is formed in the low temperature 
regime of the dielectric spectrum. This unique peak appears much more intense than the 
separate peaks of the former case and its shape becomes broader, suggesting that more 
than one relaxation mechanisms are expected to contribute to its formation. 
Thus, it is evident from the complexity of the dielectric spectra recorded for the ternary 
systems under study that, a deconvolution of the dielectric peaks is necessary in order to 
analyse and comment on the relaxation dynamics as well as on the effect of the preparation 
procedure on the dielectric response of the nanocomposites. For that reason the dielectric 
response of the samples, together with the deconvolution procedure is presented, 
separately for the low (-100°C to -40°C) and high (0°C to 150°C) temperature regions in the 
following section. 
 
 
Fig.3. Frequency and temperature variation of the imaginary part of electric modulus (M″) for the 
POM/PU/LS nanocomposite produced via (a) DM compounding and (b) MB technique. In the plots 
MWS and CT stand for Maxwell-Wagner-Sillars effect and conductivity term respectively. 
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4 Discussion 
Figure 4 (a and b) represents the low temperature response, via the loss factor 
representation, of the two examined systems. The isothermal plots, at -90 °C, included in the 
inset of figure 4a correspond to pure PU and POM/LS systems, previously studied by our 
group, and are given here for reasons of comparison [32, 36]. In POM/PU/LS (DM) two 
relaxation peaks are clearly formed that, using the inset as a reference, are attributed to γ- 
and δ-mode of POM. However, the fact that at the same temperature and frequency region 
γ-mode of PU is also present suggests that the interplay of this mode cannot be neglected. In 
the case of POM/PU/LS (MB) system a unique peak is recorded in the low temperature 
region. 
 
 
Fig.4. Loss factor versus frequency for the (a) POM/PU/LS (DM) and (b) POM/PU/LS (MB) system in the 
low temperature region. 
 
A deconvolution of the relaxation peaks obtained in both POM/PU/LS (DM) and POM/PU/LS 
(MB) systems is attempted, assuming initially that all three mechanisms, i.e. γ- and δ-mode 
of POM and γ-mode of PU contribute to the obtained dielectric response. Through the 
deconvolution procedure the experimental data are fitted using equation (1): 
 
𝜀(𝜔) = ∑ 𝛥𝜀𝑘(𝜔) + 𝜀∞
𝑘
− 𝑖 (
𝜎𝐷𝐶
𝜔𝜀0
)
𝑁
 
(1) 
where, σDC and ε being the DC conductivity and the high frequency permittivity, 
respectively. N is a fitting parameter (usually taking values close to unity) which corresponds 
to the slope of the increase in ε" due to DC conductivity, occurring at low frequencies. 
Equation (1) represents the complex dielectric response as a sum over separate relaxation 
modes k, where each one can be characterized by a function Δεk(ω), which can be fitted to 
the following Havriliak–Negami function [42-46]: 
 
𝛥𝜀𝑘(𝜔) =
𝛥𝜀𝑘
(1 + (𝑖𝜔𝜏𝑘)𝑎𝑘)𝛽𝑘
 
(2) 
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In equation (2), 𝜔 = 2𝜋𝑓 and Δ𝜀𝑘 = ε𝑟 − ε∞ is the difference between the relaxed and the 
unrelaxed values of the dielectric constant, also known as dielectric strength of the 
corresponding mode. The parameters αk and βk (0 < α, β < 1) describe the symmetric and the 
asymmetric broadening of the equivalent relaxation time distribution function, respectively. 
𝜏 is the Havriliak-Negami relaxation time and it is related to the loss peak relaxation time 
τmax = 1/2𝜋𝑓𝑚𝑎𝑥  by equation (3): 
 
𝜏𝑚𝑎𝑥 = 𝜏 [
sin (
𝜋𝛼𝛽
2 + 2𝛽)
sin (
𝜋𝛼
2 + 2𝛽)
]
1
𝛼⁄
 
(3) 
The fitting results for the two systems at -90°C are presented in figure 5 (a and b), where k in 
equation (1) equals to 3. Both dielectric spectra of figure 5 are satisfactorily reproduced by 
the summation of the three distinct relaxation mechanisms (γ-, δ- modes of POM and γ-
mode of PU). However, the contribution of γ-mode of PU is significantly smaller than the one 
of γ- and δ-modes of POM, especially in the case of the POM/PU/LS (MB) system, where γ-
mode of PU appears as a weak peak located at the left side of the frequency domain and 
shifts outside the measuring frequency window at higher temperatures (see for example -
80°C in figure 6). The deconvolution procedure was applied to each separate temperature. 
 
 
Fig.5. Deconvolution of the dielectric loss spectra (ε″) into the γ-mode and δ-mode of POM and γ-
mode of PU in the frequency domain for (a) POM/PU/LS (DM) and (b) POM/PU/LS (MB) system, at -
90°C. 
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Fig.6. Comparative graph of the fitted results of dielectric loss ε″ versus frequency for the POM/PU/LS 
(DM) and POM/PU/LS (MB) systems, at -80°C. 
 
Figure 6 presents the comparison of the fitted results and the overall curve at -80°C for the 
two preparation methods. It can be observed that, the peaks that correspond to γ-mode of 
POM lie close in frequencies and their magnitude is not altered significantly. In particular, 
the dielectric relaxation strength (Δε) calculated from the fitting procedure at -80°C equals 
0.6 for POM/PU/LS (DM) and 0.7 for POM/PU/LS (MB). It is therefore concluded that γ-mode 
of POM is not significantly affected by the preparation method. This is in agreement with 
previous results in POM/PU/boehmite alumina systems, where γ-mode appears also 
unaffected by the preparation technique or by the inclusion of PU and/or Alumina nanofiller 
[36]. Since γ-relaxation is associated with motions taking place in the amorphous phase of 
the polymer it is not expected to be affected by the preparation technique or the addition of 
the nanofiller. In fact, the strength and the relaxation rate of this process is reported to be 
relatively insensitive even to changes in the molecular environment [17] and appears to be 
affected only by plasticization effects caused by moisture absorption [29] which is not the 
case in our systems. 
On the other hand, δ-mode that is attributed to defect dipoles in the crystalline phase of 
POM is greatly influenced by the preparation technique. In particular, the dielectric 
relaxation strength (Δε) calculated from the fitting procedure at -80°C equals 0.1 for 
POM/PU/LS (DM) and increases to 0.8 for POM/PU/LS (MB) while the loss peak maximum is 
located at lower frequency in the case of the latter system. 
The substantial increase of the dielectric strength suggests an increase of the dislocations or 
defects in the crystallites where δ-relaxation is taking place, attributed for instance to the 
better dispersion of LS in the POM/PU/LS (MB) system as indicated by the SEM results. In 
other words this substantial enhancement of the dielectric strength suggests an increase of 
the number of the defect dipoles and/or an increase of the dipolar moments [46], explaining 
the shift of the relaxation frequency to lower values. 
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Fig.7. Loss factor versus frequency for the (a) POM/PU/LS (DM) and (b) the POM/PU/LS (MB) 
systems in the high temperature region. In the plots MWS and CT stand for Maxwell-Wagner-
Sillars effect and conductivity term respectively. 
 
The high temperature response (0°C to 150°C) of the studied systems is presented in figure 
7, through the loss tangent representation. In this temperature region α-modes of POM and 
PU are expected to evolve. In fact, in the isothermal plots of figure 7 these two mechanisms 
appear to overlap and fitting procedure by the Havriliak-Negami equation was again applied 
to separate and study the individual contributions. At the low frequency edge of the spectra 
and at temperatures higher than 100°C an increase of the loss tangent is observed that 
eventually results to a peak formation at 150°C. This mechanism, which is also detected as a 
hump at the low frequency and high temperature edge of the three dimensional plots of 
figure 3, is attributed to interfacial polarisation phenomena (MWS) and/or to the 
contribution of the DC conductivity. 
 
 
Fig.8. Deconvolution of the dielectric loss ε" versus frequency into the α-modes of PU and POM in the 
frequency domain for the (a) POM/PU/LS (DM) and (b) POM/PU/LS (MB) systems at 60°C. 
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Fig.9. Comparative graph of the fitting results in dielectric modulus M" representation for the 
POM/PU/LS (DM) and POM/PU/LS (MB) systems at 90°C. Inset: Deconvolution of the dielectric loss ε" 
versus frequency into the α-modes of PU and POM and the conductivity term (CT) in the frequency 
domain for the POM/PU/LS (DM) system at the same temperature. In the plots MWS and CT stand for 
Maxwell-Wagner-Sillars effect and conductivity term respectively. 
 
The deconvolution results for the POM/PU/LS (DM) and POM/PU/LS (MB) systems at 60°C 
are presented in figures 8(a) and 8(b), respectively and a comparative graph at 90°C is given 
in figure 9 indicatively. The same deconvolution procedure was applied in each separate 
temperature. While two Havriliak-Negami terms, corresponding to α-modes of POM and PU, 
were adequate for the fitting at 60°C, at higher temperatures an extra term has been used in 
order to account for the contribution of the DC conductivity. The fitting was performed 
simultaneously to the real and imaginary parts of dielectric permittivity (see for example 
figure 8 and inset of figure 9) and the fitting parameters were subsequently used for the 
theoretical reproduction of all the other representations of the dielectric data (see for 
example the fitting of M" data by the theoretically reproduced curve in figure 9). The above 
procedure was successfully followed for temperatures ranging from 20°C to 100°C and it is 
evident that the obtained theoretical curves satisfactorily fit the experimental data. 
Nevertheless, for temperatures above 100°C the fitting procedure could not be performed 
unambiguously and for that reason the obtained fitting results are not presented here and 
are not taken into account for the study of the relaxation dynamics. In particular, in these 
temperatures (>100°C) the merging of the two relaxation peaks (α-mode of POM and α-
mode of PU) and more importantly the emergence of the DC conductivity which suppresses 
the formation of the relaxation peaks raises the degree of uncertainty and renders the fitting 
procedure non trivial. 
It is clear from figures 8 and 9 that neither the loss peak position nor the shape of α-peak of 
PU are affected by the preparation procedure. Since this mode (α-mode) is connected to the 
glass to rubber transition of PU, one can claim that the Tg of PU remains practically constant 
irrespectively of the blending method. On the other hand, a shift of the loss peak maximum 
of α-mode of POM to higher frequencies is obtained for the POM/PU/LS (MB) system in 
comparison to its DM produced counterpart. Since this mode is attributed to main chain 
motions at the surface of the crystallites, frequency shifts of α-relaxation of POM are usually 
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attributed to changes in the degree of crystallinity or in the size of the crystallites [16, 19, 
47]. Nevertheless, the experimental techniques employed in the present work (SEM and 
BDS) are not suitable to distinguish changes in the crystallinity or the crystallite size and 
more importantly, the preparation procedures are not expected to alter the crystallinity of 
the produced nanocomposites. Thus, the origin of this α-mode shift is not clear. One could 
only propose a possible loosening of the polymer chains close to the crystallites as the 
mechanism towards the observed shift, a fact which, however, needs further investigation. 
 
 
Fig.10. Relaxation time versus inverse temperature for the (a) low and (b) high temperature modes of 
POM/PU/LS (DM) and POM/PU/LS (MB) systems. 
 
The relaxation dynamics of all detected processes for POM/PU/LS (DM) and POM/PU/LS 
(MB) systems are depicted in figure 10. In this figure the Arrhenius plot of γ-mode of pure 
PU is also included for reasons of comparison. All relaxations of POM (δ-mode, γ-mode and 
α-mode) follow an Arrhenius type temperature dependence described by equation (4): 
 
𝜏max = τoe
Εα
kBT 
(4) 
where 𝜏o is a preexponential factor, Eα is the activation energy and kB is the Boltzmann 
constant. τmax, calculated from the fitting procedure via the Havriliak-Negami equation, 
were afterwards theoretically fitted to equation (4). The activation energies Eα of all four 
relaxation mechanisms exhibiting Arrhenius behaviour, are listed in Table 1. On the other 
hand, α-mode of PU exhibits a Vogel-Tamann-Fulcher (VTF) temperature dependence 
described by equation (5): 
 
τmax = τoe
Β
T−To 
(5) 
where το is a preexponential factor, Β is a constant (measure of the activation energy) and 
Τo is the Vogel temperature or ideal Τg [36,37]. The VTF parameters, evaluated by the 
theoretical simulation of the results for the α-relaxation of PU to equation (5), are also listed 
in Table 1.  
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Table 1. Activation energies of the low temperature relaxations, as calculated from the fitting results, 
for all compared systems. 
 
 
It is evident from figure 10 and table 1 that the activation energy of γ-mode of POM equals 
to 0.85eV in the case of POM/PU/LS (DM) system, in good agreement with previously 
published results for POM/LS systems [32]. The activation energy decreases slightly in the 
case of POM/PU/LS (MB) taking a value of 0.69eV, which is quite close to the value reported 
previously for POM/PU/ boehmite alumina systems [36]. It is also clear the frequency shift of 
δ-mode by almost one order of magnitude, which however does not affect its dynamics. The 
activation energy of δ-mode takes a mean value of 0.70eV which is increased in comparison 
to the activation energy of the same mechanism in the case of POM/LS systems (0.54eV) 
[32], implying that δ-mode is impeded by the blending of POM with PU. Finally, γ-mode of 
PU is tracked, in the case of POM/PU/LS (DM) system, at the same frequency region and 
possesses almost the same dynamics as in pure PU. The activation energy of 0.75eV 
obtained for the γ-mode of PU in the case of MB produced systems, appears significantly 
increased compared to the value of 0.52eV obtained for the DM systems. Note however, 
that the fact that this mode is detectable only in three temperatures in the MB system, the 
corresponding Arrhenius plot included in figure 10 is only indicative and the value of the 
calculated activation energy is probably not reliable. The evaluated activation energies for α-
mode of POM in both DM and MB systems appear significantly smaller compared to typical 
values of the activation energy reported previously for pure POM being close to 1eV [16,32]. 
This reduction of the activation energy seems however to be in agreement with a similar 
reduction reported in other POM/PU based composites with boehmite alumina nanofillers 
[36]. Finally the VFT parameters evaluated for both systems are close to each other and in 
good agreement with the corresponding parameters for POM/PU and POM/PU/ boehmite 
systems [36]. 
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5 Conclusions 
A comparative study of the structural characteristics and the dielectric response of 
POM/PU/LS ternary hybrid nanocomposites produced by direct melt (DM) compounding and 
latex-mediated masterbatch (MB) techniques, is presented. The morphological examination 
conducted via SEM and TEM reveals that rubber particles are well dispersed in the POM 
matrix whereas, LS are mostly dispersed in the POM matrix and/or at the POM/PU interface, 
with better dispersion achieved in the case of MB produced nanocomposites. 
The dielectric spectra of both systems are rich in relaxation modes since, mechanisms 
originating from the POM matrix, the PU latex and the presence of LS, contribute to the 
composites’ dielectric response. A deconvolution procedure was followed for each 
measured temperature in order to identify the individual dielectric modes and study their 
dynamics. Specifically, six relaxation mechanisms are recorded which are, in terms of 
decreasing temperature Maxwell-Wagner-Sillars (MWS) effect merged with DC conductivity, 
α-mode of POM, α-mode of PU, γ- and δ-modes of POM and γ-mode of PU. The dynamics of 
all detected modes were analysed and the activation energies or VTF parameters were 
calculated. The analysis of the dielectric data reveals the following: 
(i) The dielectric relaxations (α-and γ-) of PU remain unaffected by the incorporation of 
PU into POM matrix, irrespectively of the preparation technique. 
(ii) γ-mode of POM, being attributed to the amorphous phase, remains essentially 
unaffected in both POM/PU/LS (DM) and POM/PU/LS (MB) systems. 
(iii) δ-mode, attributed to defect dipoles in the crystalline phase of POM, is significantly 
influenced by the preparation technique. 
(iv) α-mode of POM shifts to higher frequencies in POM/PU/LS (MB) systems with 
respect to their DM produced counterparts. 
(v) In both cases, the incorporation of LS results in the separation of γ- and δ-modes of 
POM, either as two distinct relaxation peaks (DM system) or as a broad peak (MB 
system) which is deconvoluted in the two separate contributions. 
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Figure captions 
Fig.1. SEM images of POM/PU/LS nanocomposites produced via DM compounding (a) and MB 
technique (b). Note: holes and spherical domains represent PU and arrows indicate for LS. 
Fig.2. TEM images of POM/PU/LS composites produced via the MB technique 
Fig.3. Frequency and temperature variation of the imaginary part of electric modulus (M″) for the 
POM/PU/LS nanocomposite produced via (a) DM compounding and (b) MB technique. In the plots 
MWS and CT stand for Maxwell-Wagner-Sillars effect and conductivity term respectively. 
Fig.4. Loss factor versus frequency for the (a) POM/PU/LS (DM) and (b) POM/PU/LS (MB) system in 
the low temperature region. 
Fig.5. Deconvolution of the dielectric loss spectra (ε″) into the γ-mode and δ-mode of POM and γ-
mode of PU in the frequency domain for (a) POM/PU/LS (DM) and (b) POM/PU/LS (MB) system, at -
90°C. 
Fig.6. Comparative graph of the fitted results of dielectric loss ε″ versus frequency for the POM/PU/LS 
(DM) and POM/PU/LS (MB) systems, at -80°C. 
Fig.7. Loss factor versus frequency for the (a) POM/PU/LS (DM) and (b) the POM/PU/LS (MB) systems 
in the high temperature region. In the plots MWS and CT stand for Maxwell-Wagner-Sillars effect and 
conductivity term respectively. 
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Fig.8. Deconvolution of the dielectric loss ε" versus frequency into the α-modes of PU and POM in the 
frequency domain for the (a) POM/PU/LS (DM) and (b) POM/PU/LS (MB) systems at 60°C. 
Fig.9. Comparative graph of the fitting results in dielectric modulus M" representation for the 
POM/PU/LS (DM) and POM/PU/LS (MB) systems at 90°C. Inset: Deconvolution of the dielectric loss ε" 
versus frequency into the α-modes of PU and POM and the conductivity term (CT) in the frequency 
domain for the POM/PU/LS (DM) system at the same temperature. In the plots MWS and CT stand for 
Maxwell-Wagner-Sillars effect and conductivity term respectively. 
Fig.10. Relaxation time versus inverse temperature for the (a) low and (b) high temperature modes of 
POM/PU/LS (DM) and POM/PU/LS (MB) systems. 
Tables 
Table 1. Activation energies and VTF parameters as calculated from the fitting results, for all 
compared systems. 
sample 
α mode POM α mode PU 
γ mode 
POM 
δ mode 
POM 
γ mode PU 
EA (eV) B (K) To (K) EA (eV) EA (eV) EA (eV) 
POM/PU/LS (DM) 0.43 1395 165 0.85 0.68 0.52 
POM/PU/LS (MB) 0.33 994 185 0.69 0.72 0.75 
pure PU 
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